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ABSTRACT

Knowledge about Rayleigh scattering cross sections is relevant to predictions about
radiative transfer in the atmosphere, and needed to calibrate the reflectivity of mirrors
that are used in high-finesse optical cavities to measure atmospheric trace gases and
aerosols. In this work we have measured the absolute Rayleigh scattering cross-section of
nitrogen at 405.8 and 532.2 nm using cavity ring-down spectroscopy (CRDS). Further,
multi-spectral measurements of the scattering cross-sections of argon, oxygen and air are
presented relative to that of nitrogen from 350 to 660 nm using Broadband Cavity
Enhanced Spectroscopy (BBCES). The reported measurements agree with refractive index
based theory within 0.2 + 0.4%, and have an absolute accuracy of better than 1.3%. Our
measurements expand the spectral range over which Rayleigh scattering cross section
measurements of argon, oxygen and air are available at near-ultraviolet wavelengths. The
expressions used to represent the Rayleigh scattering cross-section in the literature are
evaluated to assess how uncertainties affect quantities measured by cavity enhanced
absorption spectroscopic (CEAS) techniques. We conclude that Rayleigh scattering cross
sections calculated from theory provide accurate data within very low error bounds, and
are suited well to calibrate CEAS measurements of atmospheric trace gases and aerosols.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

depolarization from the non-sphericity of particles (King
correction factor) [3,4].

The theory and measurements of the scattering of light
by gases has been studied for well over a century [1] and is
vital to our understanding of radiative transfer in the Earth
and other planetary atmospheres. The interaction of light
(electromagnetic fields) with a wavelength much larger
than the size of a molecule gives rise to the scattering of
light. This effect known as Rayleigh scattering, accounts for
scattering, local field effects (Lorentz-Lorenz) [2] as well as
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The cross-section, o, for Rayleigh scattering can be
calculated based on the refractive index of the gas as
follows [5]:

2
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where v is the wavenumber of light (cm~'), N is the number
density of the gas, n, is the wavenumber dependent real
refractive index and F is the King correction factor which
accounts for the depolarization. Detailed derivation and
explanation of the different influences on the scattering
can be found elsewhere in the literature [5-9].


www.sciencedirect.com/science/journal/00224073
www.elsevier.com/locate/jqsrt
http://dx.doi.org/10.1016/j.jqsrt.2014.05.030
http://dx.doi.org/10.1016/j.jqsrt.2014.05.030
http://dx.doi.org/10.1016/j.jqsrt.2014.05.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2014.05.030&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2014.05.030&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2014.05.030&domain=pdf
mailto:rainer.volkamer@colorado.edu
http://dx.doi.org/10.1016/j.jqsrt.2014.05.030
http://dx.doi.org/10.1016/j.jqsrt.2014.05.030
judywms
Typewritten Text
BNL-105434-2014-JA


172 R. Thalman et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 147 (2014) 171-177

While measurements of the different components of
scattering (correction factors, refractive index) have been
performed for the better part of a century [2,10-13], there
are surprisingly few laboratory measurements of Rayleigh
scattering cross-sections [5,9,14-16]. In particular there is
little data in the near-UV (300-420 nm) and what is
available has large uncertainty.

Rayleigh scattering cross-section measurements in the
literature have been carried out in two ways: (1) nephelome-
try [16]; and (2) cavity-ring down spectroscopy (CRDS)
[5,9,14,15]. The pioneering nephelometry measurements of
Shardanand and Rao [16] are the only work of its kind and
consist of the direct measurement of scattered light at discrete
angles and then the integration of these signals over all angles.
They set a baseline for calculations of Rayleigh scattering
cross-sections from theory, but the reported values in the
ultra-violet spectral region deviate from theory and have a
high uncertainty (4 11%). CRDS measurements [5,9,14,15]
leverage the sensitivity of high finesse cavities to retrieve
the scattering cross-section at pressures of 1-100% of ambient
pressure by measurements of the change in extinction by the
decay of pulsed light in a high-finesse optical cavity. The CRDS
measurements agreed very well with refractive index based
theoretical calculations (within 1%) over the range investi-
gated (479-650 nm [5,9]) and within 10% in the UV (197-
270 nm [14,15]). There have been no measurements of the
scattering cross-section by CRDS in the near UV.

With the advent of cavity-enhanced absorption spec-
troscopy (CEAS) in recent years, the Rayleigh scattering of
pure gases has found an application as a calibration
standard for high finesse optical cavity instruments. CEAS
relies on the absolute scattering cross-sections of gases to
calibrate the reflectivity of the mirrors forming the high-
finesse cavity. These calibrations in particular use the
scattering of helium and nitrogen [17,18]. Recent work by
Washenfelder et al. [19] used exponential empirical
expressions to represent the scattering cross-section by
fitting to the experimental data of Shardanand and Rao
[16] and Sneep and Ubachs [5]. With the limited number
of data points available in the literature, interpolation of
the cross-section between points in the range of 350-
480 nm can lead to systematic bias and large uncertainty.

In this work we use cavity ring-down spectroscopy
to derive absolute Rayleigh scattering cross-section of

Table 1

nitrogen at 532 and 405 nm. We then establish the use
of broad-band cavity enhanced spectroscopy for the mea-
surement of relative Rayleigh scattering cross-sections of
argon, oxygen and air with wavelength coverage from 350
to 700 nm, and calibrate our relative cross-section mea-
surements at a large number of other wavelengths using
the CRDS data.

2. Experimental

2.1. Calculations of refractive index based Rayleigh
scattering

The scattering cross-sections of the gases investigated
(He, N5, O,, Ar and air) were calculated with Eq. (1) based
on the data for refractive index available in the literature
which follow the generalized expression:

8 B
with terms and their values as described in Table 1, along
with the corresponding King correction factor (F;) equa-
tions. The Fj values are taken as unity for mono-atomic
gases (He, Ar); for diatomic gases (O, N;) the values are
taken from ab initio calculations as described in Bates [6],
and are estimated to have an uncertainty of < 1%. For He,
data from references [11-13] are fitted by an expression
matching Eq. (2). The Rayleigh scattering cross-section of
air was calculated from the expressions given in Bodhaine
et al. [7] at 288.15 K and 1013.25 mbar from the refractive
index and mixing ratio weighted King correction factors
for Ny, O,, Ar and COs.

2.2. Measurements of N, Rayleigh scattering by CRDS

The Rayleigh scattering cross-section of N, was mea-
sured by CRDS using a similar method as that described by
Naus and Ubachs [9] and Sneep and Ubachs [5], though the
measurements were made at distinct wavelengths of
405.8 nm and 532.2 nm (see Fig. 1). The instrument design
has been described previously (Fuchs et al. [20] for 405 nm
and references therein; Pettersson et al. [21] for 532 and
references therein) and only a brief description of the
operation is provided here. A pulse of light is injected into

Terms for use in Eq. (2) for the refractive index and for the King correction factor.

Gas A B C King correction factor Ref.
He™" 2283 1.8102 x 10" 1.5342 x 10'° F(v)=1 [11-13]
Np™¢ 5677.465 318.81874 x 102 14.4 x 10° Fi(v)=1.034+317 x 10~ % [5,9]
N, 6498.2 307.4335 x 10" 14.4 x 10° Fi(v)=1.034+317 x 10~ % [5,9]
Ar© 6432.135 286.06021 x 10'2 14.4 x 10° F(v)=1 [5.8]
0, 20,564.8 2.480899 x 10" 4,09 x 10° Fi(v)=1.09+1.385 x 10~ "% +1.448 x 107204 [5]

3 Use N=2.546899 x 10" molecules cm~3 in Eq. (1).
14,285 <v <33,333cm L

€21,360 <v<39370cm .

94860 < v <21,360 cm ™.

€ 5000 < v <33,000cm~".

fUse N=2.68678 x 10" molecules cm 3 in Eq. (1).
£18,315<v<34,722cm™ .
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Fig. 1. Sketch of the BBCES set up (A) and CRDS setup (B) used in this study. Also shown are the gas handling, LED light source and spectrometer system for
collection of spectra (A). CRDS employed pressure modulation by adjusting the valve downstream of two cavities. Pressure was monitored before and after

the cavities to ensure the lack of a pressure gradient.

a cavity capped with highly reflective mirrors (Advanced Thin
Films; 405 nm, R=0.99993; 532 nm, R=0.99998), allowing
the light to make multiple passes through the cavity. The time,
7, for the signal to decay to 1/e of its original intensity was
then determined. For a cavity filled only with nitrogen, the
only losses are to the mirrors and to Rayleigh scattering by the
gas. While the mirror losses will be constant, the loss due to
Rayleigh scattering will change with pressure.

Gas was flowed into the cavity at a constant rate using a
mass flow controller. A pump was used to remove gas from
the cavity, and a valve placed after the cavity but before
the pump was used to control the amount of gas removed.
Adjusting the valve allowed for control of the pressure
inside the cavity. Pressures were adjusted to fixed levels
between 80% and 100% of ambient pressure (Boulder, CO;
630 Torr) and were monitored with barometers. The fitted
slope of the loss rate (1/(zc)) in cm~' vs. the density
(molecules cm~3) is the Rayleigh scattering cross-section
(in cm?, see Fig. 2). The error is taken from the distribution
of retrieved cross-sections between all runs (see Table 2).

2.3. Measurements Rayleigh scattering of Ar, O, and air by
BBCES

The Rayleigh scattering cross-sections of Ar, O, and air
were measured by Broad-Band Cavity Enhanced Spectro-
scopy (BBCES). The experimental setup is shown in Fig. 1.
First the mirror reflectivity is measured as a function of
wavelength with respect to the difference in the extinction
due to scattering by He and Nj:

a1, () — (alle, ()

I, (A)

1- (miw)

Once the mirror reflectivity has been determined, the
Rayleigh scattering can be measured for other gases (O,

Ar or air) using the following equation (written for the
measurement of the O, Rayleigh scattering cross-section):

R =1~ do( (€))

1—RA) Io In
0, __ _ 10y N, INy
= (o) (1)~ (i) @
where ag; is the extinction per length (cm~') due to

Rayleigh scattering by O, (or Ny), R(4) is the mirror reflectivity
with respect to wavelength, I is the intensity in each gas, and
dp is the cavity length. Dividing this quantity (aggy, the
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Fig. 2. CRDS measurement of N, Rayleigh scattering at 532.2 nm. Each
point is the loss-rate at one pressure level. The fitted slope is the
scattering cross-section (cm~2).

extinction) by the density of the gas yields the Rayleigh
scattering cross-section. For the calculation of the mirror
curve the Rayleigh scattering cross-section for He is taken
from the fitted expression of Washenfelder et al. [19] as the
relatively high uncertainty is masked by the cross-section
being 2 orders of magnitude smaller than N, (the intensity of
light incident on the detector for the various gases is shown in
Fig. S1 in the Supplementary Material). The use of the
refractive index based (hereafter referred to as n-based)
theory values of He instead of the fitted expression leads to
a < 0.1% change in the mirror transmission (reflectivity) curve.
The N, cross-section used is calculated from the theory given
in Table 1. This measurement is done relative to the known
value of the N, Rayleigh scattering cross-section and the
mirror curve (R, measured based on the scattering of He and
N,, Eq. (3)). It is not an independent measurement of the
absolute Rayleigh scattering cross-section as it is measured
with CRDS. The advantage of this approach is the ability to
measure at many wavelengths simultaneously over a wide
wavelength range. This multiplexing advantage of BBCES
(600-1000 individual wavelengths are measured simulta-
neously, see Fig. 3) adds wavelength resolved information,
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Table 2
Rayleigh scattering cross-sections (cm~> x 10%7) from RI based theory and experiments for selected wavelengths.
Nz Ar 02 Air
A (nm) Theory Exp™© Theory Exp™ Theory Exp”* Theory Exp"*
370.0 23.698 - 20.361 20.2(3) 21.269 21.4(3) 23183 23.0(3)
405.8 16.146 16.1(1) 13.881 14.0(2) 14.373 14.4(2) 15.765 15.7(2)
532.2 5.302 5.32(2) 4.563 4.57(6) 4.740 - 5.159 -
660.0 2.988 - 1.904 1.91(2) 1.935 1.96(3) 2148 2.15(3)
¢ CRDS data.

b BBCES data.

€ Number in () is the 1—¢ error in the reported value of the last digit for BBCES and the range for CRDS.
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Fig. 3. BBCES uncertainty in Ar Rayleigh scattering cross-sections with respect to signal intensity and mirror reflectivity. (A) Example for spectral data near
660 nm; (B) the relative error compared to n-based theory is calculated as [absolute value(Measurement— theory)/Theory x 100] as a function of wavelength.

and greatly increases the number of available measurements
for the benefit of reducing error (see Section 2.4).

Measurements were performed using cavities with center
wavelengths and reflectivities of 365 nm (0.99985), 405 nm
(0.99995), 455 nm (0.999972), 532 nm (0.99998), 580 nm
(0.999978) and 630 nm (0.99993) (Advanced Thin Films -
365, 405, 455 and 532 nm; CRD-optics — 580 nm; and Los
Gatos - 630 nm, see Thalman and Volkamer [22]). O, and air
scattering were retrieved at wavelengths in between the O4
absorption bands (see Fig. 4). Spectra were recorded with an
Acton 2300i spectrometer using a PIXIS 400b CCD detector
(see Coburn et al. [23] for details of the spectrometer/
detector system).

2.4. Error propagation for BBCES

The measurement uncertainty for BBCES can be assessed
by the propagation of the errors associated with the measure-
ments. The pressure (+0.1%), temperature (4 0.3%) and
cavity length (87 + 0.1 cm) are combined with the Rayleigh
cross-section uncertainties for N, (+1%) and He ( 4+ 5%) as

well as the photon counting uncertainty in the spectra (<1%)
to get an overall relative uncertainty for the mirror reflectivity
curve of + 1.1%. Carrying the propagation through to the
measurement of the Rayleigh cross-section leads to a mea-
surement uncertainty of + 1.3% at the center of the mirror
and + 2% at the far extremes of the mirror range.

In Fig. 3, 783 individual measurements show a devia-
tion < 1.3% (the absolute error of a single BBCES measure-
ment). The relative deviation from n-based theory near
660 nm in our BBCES measurements is on average
0.055 + 0.005%, which corresponds to an agreement with
n-based theory of better 0.66% at the 95% confidence
interval (see Fig. 5 for statistical analysis).

3. Results
3.1. Nitrogen
The results of the CRDS measurements of the N,

Rayleigh scattering cross-section are shown in Table 2
with values calculated from theory and the percent
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Fig. 4. Deviations of measured Rayleigh scattering cross-sections from refractive index based theory for this work (red dots/circles) and previous work (see
legend). The left panels show the full range of values while the right panels show each gas with a range of + 5% deviation from theory and omits individual
literature data points for clarity. Panel (A) shows the deviation of the literature values for He. The remaining panels show the deviations of the literature
values and measurements from this work with respect to the theory for N5 (B), Ar (C), O, (D), air (E). The O, bands are shown in panel D for reference. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

deviation relative to theory ([(experiment —theory)/theo-
ry] x 100) is shown in Fig. 4 panel B along with the
relevant literature data. The agreement of the measure-
ment at 405 nm is within 1% of the theory. A limited
number of sets of data were able to be taken so the error in
Table 2 is expressed as the range of repeat measurements.
Shown in the figure are the available literature data
[5,9,16] as well as the deviation of the exponential fits of
Naus and Ubachs [9]. This fit is representative over the
range it was fit (500-700 nm) but begins to diverge from
the theory at shorter wavelengths. The fit by Washenfelder
et al. [19] deviates by up to 10% from the refractive index
based calculation and our CRDS measurement.

3.2. Argon
The results of the BBCES measurements of the Ar Rayleigh

scattering cross-section are shown along with the literature
data relative to the n-based theory from 350 to 700 nm in

Fig. 4 panel C. The BBCES measurements agree within better
than 1% with the calculated numbers for the entire wave-
length range. The variability near the edges of the mirrors
(and light sources) can be observed for each set of mirrors in
Fig. 3. We limit the range of values shown here to the spectral
ranges where the agreement is better than 1%. For more detail
see Fig. S2 in the Supplementary material. Further binning of
the results relative to n-based theory for each cavity indivi-
dually shows that the UV, near-UV and blue data show small
systematic bias compared to n-based theory (—0.64, 0.865%,
and 0.3%, respectively), while for the red, amber and green
wavelength cavities the mean of the distribution are within
0.2% (95% confidence interval) indistinguishable from theory
(see Fig. 5).

3.3. Oxygen

Measurements of the O, Rayleigh scattering cross-
section are displayed along with the literature data relative
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Fig. 5. Histograms of the deviation of measurements of Ar ogq, broken
out by cavity. The mean and 2 —¢ standard deviation of the distribution
are shown in the inset. The dataset averaged mean (of all cavities) is
0.2 + 0.4%.

to the cross-section calculated from theory in Fig. 4 panel
D. Data is only used between the O4 absorption bands from
370 to 660 nm [22,24]. The n-based theory is consistent
within 1% for ranges with no O4 bands (370-420 nm and
660 nm) and < 4% for the portions of the spectrum that
are located between adjacent O4 bands (340, 440, 460 and
520 nm).

34. Air

Measurements of the Rayleigh scattering cross-section
of air are displayed in Fig. 4 panel E relative to the theory
calculations as given by Penndorf [25] and Bodhaine et al. [7].
Reported data is from the windows in between the Oy,
absorption bands and agrees within 1% of theory.

3.5. Literature comparison for He theory and measurements

The one available set of literature values [16] for He are
compared to the theory in Fig. 4 panel A. Also shown are
the empirical exponential fit to the literature data [19] and
the deviation from the theory of both the data as well as
the fit to the data. The fit to the available data does a
reasonable ( < 5% variation) job of representing the theory;
the measured data scatters around the theory line. Based
on the comprehensive evidence from this work that theory
represents measurements for other gases very well (within
1%), the larger relative error of Helium measurements, and
the fact that King correction factors are unity, we conclude
that theory represents the most accurate Rayleigh scatter-
ing cross section values also for Helium.

4. Discussion and conclusion

The measurements of the N, Rayleigh scattering cross-
section by cavity-ring down spectroscopy (CRDS) agree
with n-based theory within error bounds, and extend the
validation of the theory into the near-UV spectral range.

The uncertainty of the cavity measurements from the
propagation of errors in pressure, temperature and the
length of the cavity as well as the N, and He (for mirror
reflectivity calibration) cross-sections is + 1.3%. Using the
absolute measurements made with CRDS, we have further
demonstrated measurements of Rayleigh scattering cross-
sections by Broad-Band Cavity Enhanced Spectroscopy
(BBCES). We have measured Ar, O, and air cross sections
with BBCES relative to those of N,, and find agreement
within 0.1-0.9% with n-based theory calculations (see
Fig. 5 and Table 2). The best agreement is typically found
near the center peak of reflectivity curves of mirrors with
BBCES, with slightly larger differences near the edges of
the reflectivity curves. We note that lower mirror reflec-
tivity (and thus lower sensitivity) and lower signal inten-
sity (higher photon shot noise) lead to similar trends in the
relative error in the Rayleigh scattering cross sections
derived in this work (Fig. S2), and cannot be distinguished
in these experiments (see Supplementary material).

The Rayleigh scattering cross-sections underlie the
determination of the reflectivity of mirror curves with
CEAS techniques that determine the absorption path
length. A 1% bias in the Rayleigh scattering cross-section
(mostly N,) translates to a 1% bias in the mirror reflectivity.
This error further propagates to the characterization of
trace gas concentrations, absorption cross-section spectra,
or light absorption/extinction by aerosols. The extinction
due to Rayleigh scattering can become comparable to the
loss due to the mirror for highly reflective mirrors
(R>0.9999; depending on the wavelength of light). Thus,
use of an incorrect Rayleigh cross-section can have a
relatively larger bias in the data analysis step (calculation
of the extinction (a) see Eq. (4)) compared to lower
reflectivity mirrors (i.e. UV mirrors, R=0.9998). For exam-
ple, for two sets of mirrors at 455 nm with reflectivities of
0.9998 and 0.99997 and a 5% low bias in the nitrogen
cross-section used to calibrate the mirror reflectivity, the
resulting biases are 4.8% and 2.8% respectively when this
biased reflectivity curve is used to interpret spectra taken
in air. Using a biased ogq, of air in the calculation of
extinction would further increase the overall bias. The
effect of any bias in ogq, of N, for mirror reflectivity
calculations is partly muted with using higher reflectivity
mirrors when the extinction due to Rayleigh scattering
becomes similar to the extinction of mirror losses (see Figs.
S3 and S4 in the Supplementary Material). We have
investigated the effect of different O, Rayleigh scattering
cross sections on our earlier reports about O4 absorption
cross-section spectra [22]. Use of the fitted expression for
0, Rayleigh scattering cross-sections [19] differs by > 10%
from the n-based theory (Fig. S4), and can lead to bias in
the retrieved O4 cross-section of <2.5% at 360 nm, and
—2.8% at 446 nm. However, even differences < 1% are
discernible outside error bars in the comparison of DOAS
retrievals of O4 slant column densities and O4 predictions
[17,22]. We find that the measured O, slant column
density agrees within —0.3 +0.5% with that predicted.
This excellent agreement from measuring a calibration
trace gas is only observed using Rayleigh cross sections
calculated from n-based theory to derive mirror curves
that are confirmed with little error in this study.
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We conclude:

(1) The combination of BBCES and CRDS provides wave-
length resolved and accurate measurements of Ray-
leigh scattering cross sections. BBCES efficiently
provides information at many wavelengths from a
single measurement, at a single gas density, relative
to a reference gas (here N»).

Our data present experimental confirmation for Ray-
leigh scattering cross-sections calculated from n-based
theory within 0.2 +0.4% at all investigated wave-
lengths. Our multispectral measurements extend the
spectral range over which n-based theory has been
compared to observations of the Rayleigh scattering of
Ar, air and O,. In particular, we provide data in the
near-UV range with low uncertainty, where only one
set of measurements had previously been available.
Rayleigh scattering cross sections based on n-based
theory are better suited than empirical fit expressions
to calibrate techniques based on cavity enhanced
absorption/extinction  spectroscopy (CEAS/BBCES).
The relative retrieval of Ar Rayleigh scattering cross
sections serves as a useful verification of mirror
reflectivity calculations.

—
N
—

—~
w
~

Previous measurements for Rayleigh scattering cross-
sections of He compare favorably to theory, but are not
represented well by exponential fits to the available
experimental data. While the uncertainty in the He Ray-
leigh scattering cross-section contributes only a small
portion to the error of CEAS measurements, we recom-
mend the use of n-based theory also for He to calibrate
CEAS/BBCES instruments. Further measurements of the
Rayleigh scattering cross-section of He by CRDS at wave-
lengths from 355 to 532 would be a valuable addition to
the available literature.
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